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Advanced structured materials consisting of periodic lattices of repeated unit cells with selected material properties have been shown to achieve unprecedented deformation responses governed by local deformations of the individual constituents, both theoretically [ 9, 10, [14] [15] [16] and experimentally. [9] [10] [11] [17] [18] [19] These materials achieve low CTEs through a purely mechanical, and thus temperature-independent, mechanism. In addition, these structured materials can be designed to deliver pseudoisotropic CTE properties, unlike existing fi ber-polymer composites with low/negative but anisotropic CTE properties. [ 5 ] Macroscale structures consisting of periodic unit cells composed of two materials have been shown to present tunable CTE that is stable over a wide temperature range. [ 10, 11, 18 ] However, integration of these macroscale low-CTE structures into systems, especially for the aforementioned applications, has been limited because of their inhomogeneity and rigidity. In this paper, we describe structured materials with ultra-low CTE but in self-standing thin fi lm forms; their light-weight and integrability will allow a wider range of applications than macroscale low-CTE structures. A reliable fabrication method was developed to create and release for the fi rst time self-standing thin fi lms with an ultra-low CTE. Fabricated fi lms were experimentally and analytically studied for the thermal and optical properties for application as thermally stable mirrors. [ 2 ] The structure of the thin fi lms consists of a two-dimensional (2D) periodic bi-material lattice (see Figure 1 ) composed of hexagonal plates of a higher CTE material (aluminum, 23.1 × 10 −6 /°C) combined with a frame of a lower CTE material (titanium, 8.6 × 10 −6 /°C). [ 9 ] When heated, the thermal expansion of the hexagonal plate is accommodated by stretching and bending of the frame into the open spaces, leaving the frame's connection nodes stationary, and resulting in the low effective CTE, as illustrated in Figure 1 a. In other words, bi-material lattices need to be free to locally deform in order to achieve low effective CTE. Thus, in potential applications, the thin fi lms should be integrated on a substrate by attaching them at selected locations, not by bonding them completely to it. Meanwhile, this local release of thermal strain functions regardless of the temperature, and thus allows wide temperature ranges of application. The effective CTE can be controlled to assume negative, zero, or positive values by selecting the lattice geometry and material combination. [ 10 ] We designed the bi-material unit cells for our mirrors using 3D fi nite element simulations [ 10 ] (see Experimental Section), and targeted a CTE value for the whole fi lm of 1.1 × 10 −6 /°C, as shown in Figure 1 b, with consideration of space optics application. [ 2 ] The effective CTE and local thermal strain release within the 3D plate were parametrically studied considering the effects of geometry, constituent materials properties, outof-plane deformations, substrate effects, and effective boundary conditions. The unit cells consist of two metals, to achieve high Ultra-low coeffi cient of thermal expansion (CTE) is an elusive property; most conventional materials with low CTE can operate only in narrow temperature ranges and have poor mechanical properties. Low CTE materials, particularly in thin fi lm form, are in demand for optical, [ 1, 2 ] energy, [ 3, 4 ] and microelectronic [ 5, 6 ] applications, but their fabrication is challenging due to the poor machinability of conventional low-CTE materials. [ 7, 8 ] Here, we engineer structured free-standing thin fi lms with ultra-low effective CTE operating in a wide temperature range, to be integrated as thermally stable space telescope mirrors. [ 2 ] They consist of a periodic array of bi-metallic unit cells, which locally release thermal strains in a purely mechanical way. [ 9, 10 ] The thermal and optical properties of thin fi lms were characterized experimentally. The measurements demonstrated ultra-low effective CTE (−0.6 × 10 −6 /°C in the temperature range between room temperature and 185 o C) and thermally stable imaging capability. The geometry of the array can be tailored to tune the effective CTE [ 9, 11 ] on demand. These engineered thin fi lms with tunable CTE can provide solutions to thermal fatigue and failure of light-weight devices operating in extreme thermal environments, such as space optical systems, [ 1, 2 ] MEMS/semiconductor devices including fl exible electronics, [ 5, 6 ] biomedical sensors, [ 12, 13 ] and solar energy applications. [ 3, 4 ] Conventional materials expand when heated, because the interatomic length increases with the potential energy. Materials presenting low (or negative) CTE preserve their original volume (or contract), because the interatomic length dilation upon heating is minimized due to rigidity or through transverse vibrations, or compensated with changes of ferromagnetic/ferroelectric micro-domains. [ 7, 8 ] Examples of materials with ultra-low or negative CTE include complex metal oxides, silica glasses and their variations, and Invar (iron metal alloy). [ 7, 8 ] These materials exhibit very low absolute CTE values (∼10 −8 −10 −6 /°C), but have critical limitations; the oxide materials are brittle and lack structural integrity, and the metallic alloys have very narrow applicable temperature ranges.
light refl ectivity and the proper CTE values: aluminum for the hexagonal plates and titanium for the frame. The frame angle and the plates' area are designed to provide a suffi cient fi lling factor (66%) for optical performance, and the single unit size of the periodic lattice is reduced to enhance pseudo-homogeneity. The hexagonal plates and frame are bonded by lap-joints. The structured fi lms (∼ 1µm thick) were microfabricated and released from their substrates as ∼800 µm-diameter circular free-standing fi lms, with a 95% yield. The fabrication details are described in Figure 2 and in Experimental Section. Optical interferometry revealed the released fi lms to be fl at, with a maximum out-of-plane variation of ∼0.2 µm except for areas where the Al and Ti sections overlap (see Figure 2 c ).
The CTE of the fi lms was measured using a 3D digital image correlation [20] [21] [22] [23] (DIC) set-up with a stereomicroscope unit (see Experimental Section and Figure S1 in Supporting Information). The measurement accuracy was evaluated using a silicon (Si) wafer prepared with the same speckle patterns as a reference. Based on ∼50 data points, the CTE of the Si wafer was calculated as 3.3 × 10 −6 /°C (median), slightly larger than the literature CTE value of [1 0 0] Si (2.6 × 10 −6 /°C). The results of the CTE measurements are summarized in Figure 3 . The mapped von Mises strains show strain concentration and thus lattice deformation around the expansion nodes, as predicted in the simulation (see Figure 3 a). The fi lms' CTE value was calculated tracking changes in the distance between points designed to be stationary: the distance between connection nodes on the frame and the distance between the centers of the hexagonal plates. The measured CTE is evaluated as −0.6 × 10 −6 /°C (median) based on 250 data points taken at locations scattered across the sample surface, at fi ve set temperatures between room temperature and ∼185 °C. The CTE data obtained from the structured thin fi lms are statistically expressed in Figure 3 b and Figure S1b Design of bi-metallic lattice for tunable CTE. a, Bi-metallic lattice consists of hexagonal plates made of a higher CTE material combined with a frame of a lower CTE material. Thermal behaviors of this structure are simulated using FEM. When heated, the thermal expansion of the hexagonal plate is accommodated by stretching and bending of the frame into the open spaces. b, A bi-metallic lattice studied in this work was designed so that the aforementioned local release of thermal strains will leave the frame's connection nodes stationary, resulting in the ultra-low effective CTE. observed can be attributed to the optical resolution limits of the 3D DIC measurement technique, and not to intrinsic shortcomings of the structured thin fi lm. This is evident from the fact that a similar CTE values distribution, based on the values of 25th and 75th percentiles, was observed in the measurement of bulk Si reference samples (see Figure S1b ). The measured median CTE value (−0.6 × 10
/°C) is comparable with the designed CTE value (1.1 × 10 −6 /°C), and is signifi cantly lower than those of the constituent materials, Al and Ti. The difference between the measured and simulated CTE values is comparable with the error range (∼0.5 × 10 −6 /°C) of the DIC measurement technique, as observed in the measurement of the Si reference sample (see Figure S1b ). In addition, the difference can be due to the effect not modeled in the FEM simulation, such as the fi lm residual stresses. The scattering present in the experimental data can be attributed to the out-ofplane deformation of the fi lm during heating. For example, with ∼80 °C temperature increase, the out-of-plane displacement was measured using the DIC technique to be 0.1-1 µm, and was numerically simulated using the 3D FEM to be 0.2-4 µm. In the numerical simulation, these out-of-plane deformations resulted in spatial variation of the simulated effective CTE (∼1.0-1.5 × 10 −6 /°C); the CTE value decreases towards the lattice center with increasing defl ection.
We evaluated the refl ective properties of the low-CTE fi lms using two methods (see Figure S2 in Supporting Information); we inspected the diffraction patterns of the lattices (see Figure 4 a), and analyzed the quality of refl ected images during thermal cycles. For the diffraction analysis, collimated monochromatic light (633 nm wavelength) was refl ected on the fi lms, and then focused on a CCD camera. The diffraction patterns acquired show hexagonally symmetric scattering, originated from the lattice periodicity. The refl ected encircled energy was calculated by integrating the light intensity along the radial axis starting from the focus center. The encircled energy of the structured fi lms is ∼55% of that of a highly refl ective continuous Al reference sample, roughly corresponding to the lattice's fi lling factor. Both the diffraction pattern and encircled energy match the results predicted by fast Fourier tranform assuming Fraunhofer diffraction. We also inspected the quality of images refl ected on the samples during thermal cycling, and compared the results with images refl ected on a reference Al thin fi lm under the same heating conditions (see Figure 4 b ). The grid pattern refl ected on a continuous Al fi lm is clear at room temperature, but becomes defocused at an elevated temperature (150 °C) as the fi lm buckles in the out-of-plane direction due to the thermal strain. Meanwhile, the refl ected image quality on the structured thin fi lms stays intact regardless of the heating. These image quality shifts are quantitatively evaluated using linear correlation coeffi cients between the images taken at room temperature and at 150 °C (see Experimental Section). The coeffi cient calculated for the structured thin fi lms is 0.89, while that for the continuous Al fi lms is 0.53. This result shows that the structured thin fi lms can obtain improved image quality under thermal cycling, as compared to continuous refl ective metallic layers.
In summary, the thermal and optical characterization performed in this study has demonstrated the functionality of bimetallic, structured thin fi lms as thermally stable mirror segments. We studied the correlation between the micro-structure design and the resulting CTE properties, and described a versatile microfabrication technique to realize structured thin fi lms on a Si substrate. The analysis and measurement of the thermomechanical responses of these thin fi lms provided fundamental insights on the robustness of the proposed micro-lattice design in thin fi lm form. Such knowledge obtained from this study will help extend the design regime of 2D and 3D micro-structured thin fi lms and the systems integrated with these thin fi lms, for future applications in micromechanical devices and energy systems. When integrated, the overall CTE properties of the systmes will be affected by the interfaces and the substrate. Tunable CTE of these thin fi lms come advantageous as they can be designed (for example to be negative) to compensate for those factors to achieve the desired thermal properties.
Experimental Section
Finite Element Simulation : A full 3D model consisting of one hexagonal plate laid down on a partial frame (single unit) was simulated using 10 node tetrahedral elements. The width across the bi-metallic lattice array is ∼800 µm with 9 hexagonal plate units repeated. The lattice rim points were fi xed on a Si substrate. The interface between the hexagonal plate and the frame was modeled as bonded. Thermal displacements were computed under the load of 80 °C. The CTEs were calculated by measuring the length expansion between the thermally stable points (the frame connection nodes, or the hexagon center points) on the single unit.
Sample Fabrication : The fabrication starts with a Silicon-on-Insulator (SOI) wafer substrate. First, patterned Al and Ti fi lms were deposited on a substrate using a combination of photolithography, electronbeam evaporation, and metal lift-off processes. The fi lm thickness was measured to be ∼1.2 µm (vs. 1 µm in design), and the crystalline orientation was observed as [1 1 1] on the Si [1 0 0] substrate using X-ray diffraction. The residual stresses of both metal layers were controlled to be slightly tensile by post-deposition annealing. Second, the structured thin fi lm was released by step-by-step etching of the substrate from the back side, using deep reaction-ion etching for the bulk Si, reaction ion etching for the oxide layer, and then XeF 2 etching for the Si device layer.
DIC Measurement : DIC is a computer-based process that provides full-fi eld, real-time displacement measurement by tracking the motion of speckle patterns on a deforming sample. The DIC method was selected for our measurement because this technique can measure very small displacements, and because the full-fi eld displacement map can capture the lattice deformation behavior. The structured thin fi lms were Figure 4 . Demonstration of a bi-metallic lattice with ultra-low CTE as a thermally stable refl ective layer. a, The light refl ection of a bi-metallic lattice is evaluated through diffraction patterns. The simulated and measured diffraction patterns (left) are comparable, showing hexagonal scattering. Encircled energy (right) was calculated from the light intensity distribution of the diffraction patterns. The continuous lines show measurement, and the dotted lines show simulation. In addition to the bi-metallic lattice, a sample consisting of continuous Al fi lm was evaluated as a perfectly refl ective reference. b, Thermal stability of refl ected images during heating is evaluated. When heated, the image refl ected on a continuous Al reference fi lm becomes defocused as the fi lm buckles in the out-of-plane direction. Meanwhile, the refl ected image quality on the bi-metallic lattice stays intact regardless of the heating. Overlaid circles on the images are showing the free-standing fi lm areas. prepared with a ∼4 µm speckle patterns using photolithography. During heating from room temperature to ∼185 °C, magnifi ed images were recorded from two angles through a stereomicroscope, to obtain the 3D displacement information. Displacements were calculated by minimizing a least-squares correlation coeffi cient of the grayscale intensity values before and after deformation, within small neighborhoods of patterns called subsets. Interpolation process between pixels for minimization provides subpixel accuracy in the correlated displacement fi eld. The correlation process and distortion were calibrated by measurement on reference samples of dot grids and speckle patterns. The displacement noise was evaluated by taking multiple stationary images of a sample; the noise was less than ∼2 nm, in comparison with the expected displacement range of ∼5−15 nm. The experimental set-up is illustrated in Figure S1 in Supporting Information.
Correlation Coeffi cient Calculation : Gray-scale bitmap pictures of the refl ected images are taken as 2D arrays of light intensities. The linear (Bravais-Pearson) correlation coeffi cient is calculated in the following equation, where the 2D matrices, A and B , are the 2D arrays based on the images taken at room temperature and at 150 °C. This correlation coeffi cient can be an indicator of defocus or light intensity distribution change due to out-of-plane deformation. 
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